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Abstract Observations have suggested a trend of decreasing dissolved oxygen (DO) and increasing
spiciness in summertime middepth slope waters and bottom shelf waters along the United States west
coast over the past 50 years, but they have also demonstrated a large amount of interannual and decadal
variability. Shelf bottom water and slope water properties can be influenced by both local and remote
effects, including changes in circulation or changes in the characteristics of the source waters supplying the
region. A regional-scale, coupled physical biogeochemical model has been developed to simulate
seasonal-to-decadal scale variability along the US west coast to discern the physical dynamics behind these
spatial and temporal patterns. A simulation run from 1981 to 2006 with forcing that incorporates the larger
scale interannual trends reproduces the development of low DO late in the upwelling season, the
considerable interannual variability and the reported tendency toward a shoaling, more spicy, and
oxygen-depleted, northern California Undercurrent (CU). Whereas the trend in spiciness in the model results
from increased influence of equatorial relative to subarctic source waters, the decreases in DO are found to
additionally be a consequence of local biogeochemical processes. In order to better understand the
interannual variability, years of the simulation were classified into four groups based on intensity of
upwelling forcing and undercurrent strength. Slope water characteristics, shelf-slope exchange, and
slope-basin exchange were compared across the four cases. Years with both strong upwelling and a strong
undercurrent generated the most negative anomalies in slope-water DO late in the upwelling season.

Plain Language Summary During the summertime, dissolved oxygen(DO) concentrations in
coastal bottom waters sometimes decline to levels that stress a variety of the native organisms. These
declines can be associated with local processes, such as enhanced respiration when the overlying waters
are highly productive or remote influences such as the circulation of low DO water into these regions. The
’source waters’, that are typically transported into the coastal region along the bottom, originate off the con-
tinental shelf, on the continental slope. Here we study the role of the slope water in altering the characteris-
tics of the coastal bottom water by using a model simulation of both physical circulation and the principal
biological processes. The model simulates the period 1981-2006. We explore how trends in the characteris-
tics of the slope water correlate with trends in the coastal waters and what physical phenomena are associ-
ated with the strongest DO declines in coastal bottom water. We find that years that have both high
productivity due to upwelling of nutrient rich water onto the shelf and a strong northward flowing under-
current along the continental slope tend to have the most negative impact.

1. Introduction

Measurements of the coastal shelf waters of the western North Pacific have become increasingly abundant
in recent years, thanks to both remote sensing and directed field programs. But observations of the main
thermocline of the adjacent continental slope waters remain sparse. In this study, we apply a multidecadal
regional simulation of an eddy-resolving coupled physical-biogeochemical model together with available
observations to learn about the characteristics, trends, variability, and dynamics of this intermediate layer
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along the continental margin with a particular focus on DO. These subsurface waters represent both the
main source waters for the highly productive upwelling season as well as a potential export pathway for
shelf particulate matter [Hales et al., 2006].

The predominant dynamical feature on the slope is the California Undercurrent (CU). This current, typically
found at depths between 2500 and 2150 m (densities between rh 5 26.4–26.6 kg m23) transports warm,
salty, lower oxygen water poleward, and has been measured as far south as Baja California and as far north
as Vancouver Island [Huyer et al., 1998]. The width of the current scales with the Rossby radius of deforma-
tion but is also affected by bathymetric features such as submarine canyons [Thomson and Krassovski,
2010]. Maximum current speeds in the undercurrent can have been measured to reach 0.2 m s21 [Pierce
et al., 2000] but vary significantly spatially and temporally. Seasonally, the maximum poleward velocities
develop in late summer, and minimum velocities occur in late spring [Chelton, 1984; Thomson and Krassov-
ski, 2010]. During the summer upwelling season, the CU is a fully submerged feature, flowing in a direction
opposite to that of the equatorward surface upwelling jet, but with the reversal of the predominant wind
direction in the fall and winter, the CU merges with the surface Davidson Current. Connolly et al. [2014] in a
model analysis of the northern portion of the undercurrent, found that it resulted from both barotropic and
baroclinic alongshore pressure gradients associated with local and remote wind forcing and poleward prop-
agating sea surface height variability. As the current flows northward, it is found to lose energy and
exchange properties with the surrounding waters through the shedding of anticyclonic eddies [Pelland
et al., 2013].

Thus, slope water in the northern California Current System (NCCS, specified here as the portion of the
California Current System north of 428N) is generally considered to be a mixture of northern and southern
end member water masses. The southern source water is Pacific equatorial water (PEW) that is transported
northward in the undercurrent which gradually mixes with Pacific subarctic upper water (PSUW) that enters
the California current system from the North.

Long-term changes in the characteristics of these source waters and the resulting slope water have been
documented in a number of studies in the past 10 years. Some of the earlier studies were regional and/or
focused on several decades of observations, while more recent studies have been more comprehensive,
encompassing larger temporal and spatial scales. Earlier regional studies reported a trend of decreasing DO
on interdecadal time scales in the southern California Current System [Bograd et al., 2008; McClatchie et al.,
2010] in the NCCS [Pierce et al., 2012] and at Ocean Station Papa [Whitney et al., 2007]. More recent studies
which aggregated data from larger swaths of the west coast and for, in some cases, longer periods of time
have found that the trend may be one phase in a pattern of interdecadal variability. Meiville and Johnson
[2013] and Crawford and Pe~na [2013] both found the trend of declining DO to be robust roughly from 1980
to 2012, but suggested no trend of possibly increasing DO prior to 1980. Crawford and Pe~na [2016], in a
comprehensive reevaluation of observations back to 1950 noted that intermediate depth oxygen levels on
the continental slope peaked around 1980, gradually increasing prior and decreasing since. Pozo Buil and Di
Lorenzo [2017] found that the decadal scale variability in subsurface salinity, and by association DO, over
the past 60 years, at the larger scale of the CCS, could be anticipated by tracking anomalies along the path
of the North Pacific Current, but did not draw conclusions about the narrow CUC.

Regardless of whether the historical patterns resolve into linear trends, oscillations or complex variability
periods of decline in slope water DO have the potential for negative ecological consequences [McClatchie
et al., 2010; Deutsch et al., 2011] and a better understanding of the interplay between the large-scale influ-
ences on slope water characteristics with regional processes is essential to explaining occurrences of coastal
hypoxia. For example, Nam et al. [2015], find that for the Southern California Bight, roughly only 50% of the
change in DO concentration of the CU can be explained as a change in source water properties. The north-
ern portion of the system (roughly off the coast of northern California to British Columbia) is likely to differ
as summer upwelling winds tend to be weaker than those to the south and winter downwelling winds tend
to be stronger.

This study examines the results from a 26 year eddy-resolving coupled physical-biogeochemical regional
model of the California current system during a period of declining DO (1980–2006) to learn the trends in
slope water properties, gain insights into undercurrent variability on interannual time scales, and explore
shelf/slope and slope/basin exchanges, focusing particularly on the NCCS. The model is an evolutionary
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extension of previous California current simulations by Marchesiello et al. [2003] and Gruber et al. [2006] that
includes the Biogeochemical Elemental Cycling (BEC) model [Moore et al., 2004]. Section 2 gives a brief
description of the numerical model setup. Section 3 presents validation of the model with observations. In
section 4, the modeled slope water characteristics and long-term linear trends are examined. In sections 5,
each year of simulation is classified based on the intensity of upwelling wind forcing in the NCCS and the
strength of the undercurrent (over the upwelling season). This is then used to compare and contrast the
influence of the slope waters on the shelf and the adjacent basin as a function of upwelling and undercur-
rent strength.

2. Model Setup

Model simulations are run for the period from January 1981 to December 2006. For this, the Regional Ocean
Modeling System [Shchepetkin and McWilliams, 2005] is configured for a domain that extends along the
United States west coast from 308N to 498N, and stretches offshore approximately 1400 km. A curvilinear
grid is used in the horizontal with close to uniform 5 km horizontal resolution and 33 vertical s coordinate
levels. Atmospheric forcing is obtained from the North American Regional Reanalysis [Mesinger et al., 2006],
using 5 day averaged fields. Boundary conditions for u, v, T, and S are constructed from the Simple Ocean
Data Assimilation system [Carton et al., 2005] from 5 day averaged fields.

As mentioned above the ecosystem model implementation follows Moore et al. [2004]. It includes multiple
phytoplankton functional groups (small phytoplankton, diatoms, calcifiers, and diazotrophs) subject to mul-
tiple limiting nutrients (nitrate, ammonium, phosphate, iron, and silicate) and iron cycling (including surface
deposition and sediment efflux) and grazing by a single zooplankton. The sinking detrital pool is partitioned
into fast and slow sinking components following the mineral ballast model of Armstrong et al. [2002]. Mate-
rial reaching the seafloor is instantaneously remineralized to NH4, PO4, dissolved inorganic carbon (DIC),
Alkalinity (Alk), SiO3, and Fe. Boundary conditions for biogeochemical fields are derived from monthly clima-
tology, repeated over each year of the simulation. Nutrients and DO are obtained from the World Ocean
Atlas [Garcia et al., 2010a,2010b]. DIC and Alk are from GLODAP [Key et al., 2004]. A 10 year spin-up with
monthly climatologies for forcing and boundary conditions was performed before the hindcast simulation.
Monthly average output from the 26 year simulation is analyzed in this study.

3. Model Validation

Slope water characteristics are generally determined by mixing of water masses advected into the region
from the north and south. So as a preliminary verification of the utility of this model the spatial T and S
structure over the domain is compared with observations. Data on the vertical structure of the water col-
umn within the model domain is available from 3644 Argo profiles obtained between April 2001 and the
end of the model simulation in December 2006 [Argo, 2000]. A direct point-by-point comparison is not
informative because a large portion of the domain is eddy-dominated. But a basic statistical comparison
demonstrates that the model captures the mean and variability in the density structure and stratification
relatively well (Figure 1a). The upper 200 m of the water column has a positive deviation from the observa-
tions in density and spice (P) (Figures 1a and 1c) indicating that the model tends to overestimate upper
thermocline and surface salinity offshore. This may result from inadequate representation of inflow of rela-
tively lower salinity subarctic waters through the northwestern open boundary. The subsurface minimum in
P (and salt) at 150 m depth is largely lacking leading to an underestimate of stratification (Figure 1b) in the
model between 250 and 100 m depth.

Although the end-member water characteristics in the model (Figure 1e) differ somewhat from Argo esti-
mates, they present fair representations of two distinctly different water types that enter the domain from
the north and south. At a given density, the northern water is fresher, cooler, and less spicy than the compa-
rable southern water. Spiciness decreases with decreasing density for the northern water, while it generally
increases with decreasing density for the southern end-member.

In addition to having a reasonable representation of T-S structure offshore, it is important that the model
exhibit reasonable seasonal variability on the shelf as coastal upwelling and downwelling circulations signif-
icantly influence the slope over much of the year. We compare the simulation output with observational
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data sets of temperature, salinity, and northward velocity at a shelf mooring. The mooring (NH-10), located
approximately 20 km off Newport Oregon in 80 m of water, recorded temperature and salinity between
2000 and 2005, and currents from 1997 to 2004. The monthly averaged simulation output captures the sea-
sonal cycle in low-pass filtered (30 day) observational fields relatively well (Figure 2). The seasonal cycle in
atmospheric forcing leads to circulation on the Oregon shelf being predominantly associated with north-
ward alongshore jets, during the downwelling winter season (November–March), and southward during the
upwelling summer season (April–October). The seasonal patterns in temperature and salinity are well
matched other than a tendency to overestimate midwater column temperatures early in the upwelling sea-
son and overestimate salinity in the second half of the year (perhaps due to a lack of rivers in the model).

Figure 1. Mean profiles of (a) sigma-theta, (b) buoyancy frequency, and (c) spiciness from Argo profiles and the model along with a T-S diagram. Argo data averaged in plots (a–c) is
from all float profiles within the domain between April 2001 and the end of the simulation (displayed as dots in Figure 1d)). Model fields are interpolated to the profile positions in time
and space. Red and blue shaded regions indicate 61 SD from the mean for the floats and the model data, respectively. Argo and model data is averaged over a subset of Argo profile
locations representing northern-origin (green dots in Figure 1d) and southern-origin (orange dots in Figure 1d) waters in Figure 1e.
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While the smoothness of the bathymetry representing Heceta Bank in the model precludes an accurate rep-
resentation of the coastal jets in the vicinity of NH-10, the model reasonably captures changes in direction
of the coastal flow seasonally (Figure 2c).

4. Characteristics of the Slope Water

Given some reassurance that the model exhibits reasonable behavior both in the basin and on the
shelf we now focus on describing the modeled means, trends, and variability for the slope waters.
The general seasonal patterns are presented in the next section, followed by an analysis of the 26
year trends based on a linear fit. The last subsection focuses on interannual variability in slope water
characteristics and the relative roles that coastal upwelling and California undercurrent strength play
in determining it.

4.1. Seasonal Cycle
Prevailing winds in midlatitudes along the US west coast transition from northward, predominantly downw-
elling favorable, in winter, to southward, upwelling favorable, during the summer months. Fall and winter
are characterized by strong wind mixing over the shelf and downward sloping isopycnals on the continen-
tal slope (Figure 3). While the spring and summer months see this pattern reverse with denser water shoal-
ing onto the shelf and to the surface to form upwelling fronts. (Here winter is defined as December–
February, spring as March–May, summer as June–August, and fall as September–November.) We present
model results from a meridional section of frequent observational measurements, the Newport hydro-
graphic line (NH-line, 44.658N, 125–124.28W), that is representative of the meridional structure across several
degrees of latitude.

The downward displacement of isopycnals in winter over the outer shelf and slope is associated with a
northward surface intensified jet. Oxygen levels are generally high as low-oxygen bottom waters are

Figure 2. Comparison of low-pass filtered (30 day). (a) Temperature, (b) salinity, and (c) northward current velocity from the NH-10 moor-
ing on the Oregon Shelf with monthly averaged simulation output.
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downwelled and strong wind mixing promotes atmospheric exchange. Surface cooling reduces the spici-
ness of surface waters while subsurface, northward flow advects higher spice water poleward.

The onset of the upwelling season occurs in spring. The upwelling front that results from the southward
winds drives an equatorward surface intensified jet over the shelf (Figures 3b and 3n). The northward flow
that persisted over the slope during winter is no longer present to advect warmer, saltier water poleward.
This leads to springtime being the season with the lowest slope-water P of any season (Figure 3j). The oxy-
cline generally mimics the pycnocline shoaling toward the coast and brings low DO waters onto the shelf
(Figure 3f).

Summer is the peak upwelling season in the NCCS. Isopycnals shallower than about 250 m shoal over the
slope and onto the shelf. In contrast to springtime, isolines of oxygen do not generally align with isopyc-
nals in summer, as the influence of respiration in the lower part of the water column over the shelf and
slope increases (Figure 3g). The biological aspects of oxygen dynamics also manifest as a subsurface DO
maxima at the base of the mixed layer offshore of the upwelling front where photosynthesis acts as an
oxygen source.

The poleward flowing undercurrent develops during summer. At the latitude of the NH-line, the model esti-
mates an average summer core strength of approximately 0.08 m s21 located approximately over the
500 m isobath between 200 and 300 m depth (Figure 3o). The upwelling jet is generally located shoreward
and at shallower depths then the undercurrent, but model results indicate times when the two opposing
currents are in proximity and may interact to attenuate each other. The pattern in spiciness reflects north-
ward and shoreward advection over the slope.

Figure 3. Seasonal averages of rh (top row), DO (second row), P (third row), and alongslope (v, poleward) velocity (bottom row) from the 26 year model simulation along the NH-line.
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With the weakening of upwelling favorable winds by fall, the equatorward surface jet diminishes and the
core of the undercurrent appears higher in the water column (Figure 3p). Spicy water is found far up on the
slope and in the bottom waters of the shelf. Oxygen levels begin to recover and isopycnals relax.

Interannual variability in density is highest in frontal regions reflecting year-to-year variability in wind forc-
ing (Figure 4, top row). In wintertime, variability is highest on the midshelf to outer-shelf, where downwel-
ling isopycnals abut the bottom. Density variance in spring is similar to winter but farther shoreward
reflecting the transition to upwelling that brings dense bottom water shoreward. In summer, variability is
surface intensified over the shelf consistent with the varying position of the upwelling front (Figure 4c)
while fall variability reflects the relaxation of upwelling and upper ocean cooling as surface heat fluxes
reverse sign.

In all seasons, the highest variability in oxygen concentrations is found subsurface, on the shelf. In winter,
spring and fall variability is maximum near-bottom. In summer, variability is greatest on the midshelf to
innershelf in the midwater column at the base of the mixed layer, where respiration and photosynthesis
rates are highest.

Velocity variability is surface intensified in all seasons (Figure 4, bottom row). In the spring, summer and fall
it is largest in the region associated with the upwelling jet. Farther out on the slope, in winter and spring in
particular, enhanced velocity variability is likely associated with eddy activity. While interannual variability in
spiciness is dominated by variations in heating and cooling in the top 150 m, below this depth, variability is
highest along the slope, particularly in fall and winter, coincident with the location of the undercurrent.

Figure 4. Standard deviation from monthly average fields of rh, DO, p, and alongslope (poleward) velocity from the 26 years of model simulation along the NH-line.
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The long-term average seasonal cross-shore patterns depicted for the section at 44.658N in Figure 3 are rep-
resentative of meridional sections over much of the NCCS. Alongshore variability, in slope bathymetry,
atmospheric forcing, and offshore source water properties, generally act to modify these patterns but not
qualitatively alter them in the model. Alongslope structure is presented in Figure 5, as 26 year seasonal
time-averaged fields, averaged spatially between the 1000 and 250 m isobaths. Latitudinal variation in wind
forcing generally produces stronger northward winds in the northern portion of the model domain in win-
ter, and stronger southward winds in summer in the southern portion of the model domain. This leads to a
stronger surface intensified downwelling jet in winter, north of 418N, and a stronger equatorward jet in
spring, south of 438N. The strongest upwelling favorable winds tend to shift northward from spring to sum-
mer in the California current system. Consequently the strongest equatorward surface intensified flows also
shift farther north. The slope averaged alongslope velocity fields (Figure 5, left-hand plots) illustrate the sea-
sonal evolution of the model-generated poleward undercurrent. The core of the undercurrent deepens
from south to north, north of approximately 428N (Figure 5). Density surfaces above approximately the
rh 5 26.5 kg m23 isopycnal (denoted rh

26.5) do similarly. (This is consistent with the NCOM model results
discussed by Connolly et al. [2014].) This deepening of the undercurrent core coincides with a weakening of
the undercurrent strength. In the model, this develops beneath the region of intensified southward upwell-
ing driven flow, suggesting that shear at the base of the upwelling jet attenuates flow in the upper portion
of the undercurrent. Subsequently as upwelling relaxes in the NCCS in the fall, the average undercurrent
core depth, north of 428N, tends to move higher up the slope (also visible in Figures 3o and 3p).

Figure 5. Seasonal average alongslope velocity and spiciness over the 500 m isobath as a function of latitude and depth. rh contours are overlaid on velocity in the left-hand plots. DO
contours [mmol/m3] are overlaid on P in the right-hand plots.
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The seasonal pattern in latitudinal distribution of spiciness reflects the variation in undercurrent and surface
current strength and direction (Figure 5, right-hand plots). In the spring, flow over the slope is primarily
southward in the upper 200 m of the water column and influenced by coastal downwelling, providing less-
dense, colder, fresher subarctic water to the NCCS. This subarctic source water likely contributes to the pole-
ward deepening of isopycnals that appears in the spring and summer. The development of the undercur-
rent however causes spicy equatorial source waters to be advected northward at depths below the
southward flowing upwelling jet. This persists into fall and winter when the northward undercurrent trans-
forms into a near-surface intensified flow. The modeled subsurface maximum in spice occurs at about
200 m depth in all seasons north of about 408N, with the highest core spiciness at a given latitude occurring
in fall or winter.

4.2. Linear Trends
A number of observational studies have noted a long-term trend of increasing spiciness and decreasing DO
of intermediate depth waters along the continental slope of the Northwest Pacific [Pierce et al., 2012; Mein-
vielle and Johnson, 2013; Nam et al., 2015]. The study of Pierce et al. [2012] focused on changes in water
properties along the NH-line off the Oregon coast during summer (May–September), utilizing data collected
between 1960 and 1971 and contrasting it with data collected along the same line between 1998 and 2009.
They noted DO decreased strongly between rh 5 27 and rh 5 26 kg m23 over the continental slope (analy-
sis repeated here, Figure 6, top plots) between those periods. In the same data set, spiciness increased
between the rh 5 26.75 kg m23 isopycnal and the surface (Figure 6, bottom plots). Sampling the model
along the same cross-shore transect and averaging over a 5 year period at the start of the simulation
(1981–1985) and comparing with the last 5 years (2002–2006) suggests that the model results can also be
interpreted as a positive trend in spiciness and negative trend in DO along isopycnals at intermediate
depths on the slope. The strong positive trend in spiciness on the shallow isopycnals in the model may
result from the lack of freshwater riverine input, as the model exhibits a much stronger positive trend in
salinity than temperature on these isopycnals.

Meinvielle and Johnson [2013] analyzed historical data from the World Ocean Database between 258N and
508N and also found a trend of increasing spiciness and decreasing DO centered at depths characteristic of
the core of the undercurrent. They attributed this to a strengthening of the undercurrent. Based on the
observations, they determined that south of 408N this was associated with a shoaling of isopycnals near the
top of the undercurrent (rh 5 26 kg m23) but that between 408N and 458N it was associated with a reces-
sion of isopycnals below the undercurrent (below 1000 m). We analyzed the linear trend in modeled aver-
age summertime (June–September) isopycnal depth for layers that generally enclose the core of the
undercurrent (rh 5 26–27 kg m23). At the top of the undercurrent, on the slope, the rh 5 26 layer is found
to shoal moderately over the 25 year simulation, at a rate of approximately 0.25 m yr21, while the rh 5 27
layer deepens at a similar rate (Figure 7). As suggested by Meinvielle and Johnson [2013], the net effect is a
spreading of intermediate depth isopycnals on the slope. Based on this simulation, the rh 5 26 and
rh 5 27 kg m23 layers spread at a rate of approximately 0.5 m yr21.

Cross sections of linear trends in summer-averaged fields along the NH-line illustrate the long-term change
in modeled slope water properties (Figure 8). At depths between 150 and 500 m, slope water spiciness is
trending positively and DO negatively, consistent with an increased presence of waters coming from farther
south. Density also tends to increase near-bottom between the 300 m isobath and the coast. But this is
likely due to more frequent strong upwelling seasons in the later part of the simulation. One potential
explanation for this pattern is that a strengthening of the California undercurrent leads to enhanced trans-
port into the Oregon slope waters, however this is not borne out by the trend in northward velocity which
shows a decrease for slope waters at all depths. Rather, the increased spiciness is associated with warmer
saltier source waters to the south.

The time-averaged distribution of water properties within the domain at seven positions along the slope
(Figure 9c) shows how water properties vary smoothly with latitude. To gain further insight into the degree
to which alongshore transport is contributing to the large-scale model trend in intermediate depth water
properties, fields can be scaled relative to their values at the northern and southern boundaries of the
domain. The southern boundary water (SBW) can be considered representative of Pacific Equatorial source-
waters while the northern boundary water (NBW) is indicative of North Pacific subarctic waters. Here the
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Figure 6. Comparison of trends in p and DO in observations and simulation along the NH-line. Observations are averaged over an early set of summer observations, 1960–1971
(leftmost), and a later set, 1998–2009. Similarly model is averaged over 1981–1985 and 2002–2006. Rightmost plots show the rate of change of the average fields in units of 100 y21 for
Spice and y21 for DO.
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end-member properties for P and DO are specified by first performing a linear fit (denoted < >) in time for
each field at each grid point, and using these to estimate field values for September 1981. The SBW water
(PSBW, DOSBW) is identified as the water on the southern boundary with the highest value of hPi and lowest
value of hDOi (the slope water). Similarly the NBW (PNBW, DONBW) is specified as the water with the lowest
hPi, and the hDOi that occurs at the same location along the northern boundary (approximately 500 km
offshore). The degree to which rh

26.5 water is representative of the southern end-member, can then be esti-
mated as,

%SBWPðx;y;tÞ5 hPðx;y;tÞi2PSBW

PNBW2PSBW
(1)

For P and similarly for DO. This normalized representation allows for comparison across the two fields.

The distribution of spiciness on rh
26.5 results primarily from along isopycnal mixing of Pacific Equatorial

Water entering the domain from the south and north pacific subarctic water entering the domain from the
north. The spicy southern boundary water penetrates the domain most strongly along the shelf and slope.
This leads to a %SBWP distribution on rh

26.5 that shows a gradual north-to-south gradient offshore, and a
west-to-east gradient near the slope. The meridional gradient decreases from south to north as lateral mix-
ing dilutes the water mass (Figure 9a). %SBWDO exhibits a similar west-to-east gradient indicative of the
transport of low DO water from south to north in the California undercurrent (Figure 9b). The long-term lin-
ear trends in both P and DO in the model on rh

26.5 can be associated with the increasing influence of PEW
and other factors. By normalizing both fields as a function of the end-member concentrations (noting that
the end-member concentrations of neither field exhibit a significant long-term trend), one can compare the
two to get an estimate of how much other processes may be playing a role in the evolution of each field.
Between September 1981 and September 2006 P becomes approximately 10% more-like the southern end
member over much of the domain (Figure 9d). DO on the other hand, while exhibiting a similar trend south
of 368N, shows a notably stronger trend north of this latitude (Figure 9e). The difference between the two
fields (Figure 9f) gives a rough estimate of where the processes causing a trend in the biologically active

Figure 7. Plots display rate of change of isopycnal depth (measured from surface) for the (left) rh 5 26 and (middle) rh 5 27 layers and the rate of change of the intermediate layer thick-
ness (right). The zero-contour is delineated with a gray line.
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field (DO) differ from those causing a trend in a passive tracer field(P). Most likely these differences are
associated with more oxygen-depleting biological processes north of 368N although zonal differences in
diapycnal mixing may also play a role.

4.3. Interannual Variability
The two features that predominantly determine the characteristics of the slope flow and shelf-slope interac-
tion during summer and fall, are the coastal upwelling and the undercurrent. Here we attempt to classify
each summer-fall season in terms of the intensity of these two features to distinguish characteristics of dif-
ferent forcing regimes. The intensity of upwelling is estimated based on the cumulative meridionally aver-
aged (between 408N and 478N latitude), alongslope (equatorward) wind stress over the 250 m isobaths,
integrated over an upwelling season. This follows the technique used by Pierce et al. [2006]. The undercur-
rent intensity is estimated based on the spatially averaged (between the 250 m isobaths and 1000 m iso-
baths and between 408N and 478N latitude), alongslope (northward-positive) velocity time-averaged over
the upwelling season. In order to determine relative indices, each quantity is normalized by subtracting the
time mean and dividing by its standard deviation. The 26 years of the simulation can then be classified into
four categories based on whether the upwelling season conditions had anomalously strong or weak
upwelling-favorable wind forcing (UpI0), and anomalously strong or weak undercurrent intensity (UcI0) (Fig-
ure 10). Grouping the years of the simulation in this way, yields 3 years with positive UpI0 and positive UcI0

(referred to as Str/Str years), 8 years with positive UpI0 but negative UcI0 (Str/Wk years), 6 years with positive
UcI0 but negative UpI0 (labeled Wk/Str), 8 years with both negative UpI0 and negative UcI0 (Wk/Wk), and 1
year deemed too close to the mean of both indices to be categorized in one of the four classes. Throughout

Figure 8. Linear trend in average September temperature, salinity, potential density anomaly, northward velocity, spiciness, and DO along the NH-line.
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the rest of this study these classifications will be used to identify how variability on the shelf, slope, and in
the basin adjacent to the slope, is related to upwelling and undercurrent.

Strong undercurrent years (UcI0> 0) nearly always coincide with the onset of El Ni~no conditions (Figure 10c)
in the Pacific as measured by the Multivariate ENSO index (MEI) [Wolter, 1987; Wolter and Timlin, 1993]. For
example, the three upwelling seasons with the largest UcI0 are followed by the three winters with largest
MEI over the 26 year time record. This correlation has been noted previously in observations focused on
Baja and southern California [Ramp et al., 1997; Durazo and Baumgartner, 2002; Lynn and Bograd, 2002].
Frischknecht et al. [2015], using a telescopic Pacific biophysical model, to study the California Current System
over the years 1979–2013, noted strong subsurface control of biogeochemical variables by remotely forced
mechanisms (primarily coastally trapped waves associated with ENSO events) but mixed remote and local
(primarily upwelling-favorable winds) control for surface fields.

In order to compare and contrast the influences of undercurrent strength and upwelling intensity, mean
properties on a meridional slope section located along 44.358N is examined first. (This section better repre-
sents the alongshore velocity structure than the 44.658N section used above, which is in the lee of Heceta
Bank.) September average fields are presented as they generally reflect the cumulative effect over the
upwelling season for rh, P, and DO (Figure 11).

Figure 9. (a and b) Display contours of %SBWP (Eq. 1) (and %SBWDO on rh
26.5 in September 2006, respectively. (c) T-S diagram of slope water properties at seven position within the

model domain (colored to correspond with location labels in plots (b, d, and e) show the percent change in spiciness and DO on rh
26.5 between September 1981 and September 2006.

A positive percent change indicates a trend toward the southern end member. (f) The difference in the amount the percent end-member DO has changed relative to the amount the
spiciness has changed.
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As can be anticipated, years with high UpI0 and high UcI0 (Str/Str) in the NCCS, exhibit denser than normal
shelf waters, with spicier, lower DO bottom water over the slope (first column of Figure 11).

Shoreward of the 150 m isobath, shelf DO is lowest in the years in which the upwelling tendency was strong
but the undercurrent was weak (Str/Wk). This may simply be due to the upwelling index anomaly being on
average not as strongly positive in the set of years with weak undercurrents as in the set of years with strong
undercurrents (Figure 10), thus causing upwelling productivity to develop closer to shore. Alternately, low shelf
DO in the Str/Wk years may result from enhanced nutrient supply to the shelf due to an increased influence of
subarctic water intruding from the north as has been documented in observation of the Oregon shelf in 2002
[Wheeler et al., 2003]. Slope spiciness and DO characteristics in these years are near the 26 year average.

The model results suggest that a strong undercurrent in the absence of strong upwelling may tend to be
broader and centered at a shallower depth (third column of Figure 11) and may tend to produce positive

Figure 10. Classification of summer seasons in the NCCS. (a) displays a scatter plot of the 26 model years classified by cumulative upwell-
ing and undercurrent strength relative to the 26 year mean values. (b) displays cumulative wind stress anomaly (through September) time
series. (c) Displays cumulative undercurrent anomaly (through September) time series. Each year is colored based on the quadrant it falls
into in the top plot. The multivariate ENSO index is overlaid in Figure 10c.
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anomalies in spice and negative anomalies in DO over deeper slope isobaths. When both the undercurrent
and the upwelling are weak, the lack of northward transport of spicy, low DO water, over the slope results
in higher than average DO and lower than average spice, while the reduction in shelf productivity leads to
higher than average bottom shelf water DO.

The higher primary productivity that develops in the spring and early summer mixed layers over the slope
in strong upwelling years can be associated with enhanced respiration and declining DO concentrations
deeper in the water column. In the model simulation, anomalously low DO is found in the undercurrent
waters in years with anomalously strong upwelling favorable forcing (Figure 12). Here the undercurrent is
identified as anomalously spicy northward flowing middepth slope water. The anomaly (DO0) is calculated
as the difference at a given point in a given month averaged over the set of years in a particular class, from
the 26 year average DO at that point in that month. In years with both strong upwelling and a strong under-
current the model suggests a northward propagation of negative DO0 with continuing drawdown due to
respiration into October. The apparent propagation of a positive DO0 anomaly in Figure 12 in years with
weak upwelling and weak undercurrent likely indicates that the average year exhibits some propagation of
a negative anomaly. In general, the anomaly in undercurrent DO approaches zero by January of the follow-
ing year.

Figure 11. The first four columns display the average September anomaly in density, northward velocity, spiciness and DO at a meridional section at 44.358N for the four sets of
years classified as strong upwelling/strong undercurrent, strong upwelling/weak undercurrent, weak upwelling/strong undercurrent and weak upwelling/weak undercurrent. The
rightmost plots display the 26 year August average of each field. Velocity panes in the second row, display contours every 0.02 m s21 with northward contours in red and
southward contours in blue. Gray contours in the second row of contour plots indicate the 26 year average undercurrent position. Gray contours in other plots indicate the zero
contour.
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5. Slope-Shelf Exchange

During the upwelling season, slope water from beneath the surface boundary layer advects shoreward,
while in strong downwelling seasons shelf water may be transported onto the upper slope. The seasonal
patterns in shelf-slope exchange of near-bottom water are reflected in DO and spiciness, and vary with
upwelling and undercurrent intensities (Figures 13 and 14). The seasonal patterns can be more easily inter-
preted with consideration of the average winter conditions that preceded and followed each of the classes
of years. Table 1 shows the average anomaly in downwelling favorable wind stress and surface heat flux
during the winter seasons. This average is estimated from the model forcing as the average along the
250 m isobaths between 408N and 478N latitude. The starts and ends of each winter season are specified as
the complimentary periods to the upwelling periods defined above such that the ‘‘downwelling anomaly,
prior year’’ reflects the net northward wind stress over the period beginning with the end of the upwelling
season of the previous year and ending with the beginning of the upwelling season of a given year. The
winter properties assumed for the winter of 1980–1981 and winter 2006–2007 are assumed to be the 26
year averages.

Figure 12. Average undercurrent DO anomaly as a function of latitude and time for the four classes of years. Time axes run from mid-May to mid-March of the following year. Gaps indi-
cate times and locations that did not exhibit a well-defined northward flowing anomalously spicy middepth slope flow.
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The 26 year average cycle of near-bottom DO on the shelf and upper slope exhibits a seasonal pattern of
highest DO in winter and lowest DO in mid-to-late summer (Figure 13a). The annual maximum on the shelf
and slope is produced by vigorous vertical mixing on the shelf resulting from generally stronger winter
winds and surface cooling. As winter winds tend to be downwelling favorable, these highly oxygenated
waters tend to be transported off shelf, down the slope roughly between October and March. As surface
winds reverse to upwelling favorable, lower DO water is drawn back onto the shelf causing shelf and upper
slope DO to start to decline on average in March of each year. During the summer, as productivity is
enhanced in the upper water column by the upwelling, shelf bottom respiration increases. Concurrently,

Figure 13. (a) 26 year average near-bottom DO, averaged latitudinally along isobaths, contoured as a function of month. Plots (b–e) display the DO anomaly from this seasonal average
for the four classes of years. Time axes extend 9 months into the following year.
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the undercurrent develops. These processes jointly contribute to shelf and slope bottom DO reaching a
minimum on average in late summer to early fall. On average, this seasonal cycle affects bottom DO above
the 500 m isobath.

Considering the anomalies to this pattern under the set of four upwelling/undercurrent conditions outlaid
above confirms some expected consequences (Figures 13b–13e). Stronger upwelling seasons lead to a neg-
ative anomaly in shelf bottom water DO and weaker seasons can lead to a positive summer-fall anomaly.
The effect of a strong undercurrent during strongly upwelling years is a lower than average slope bottom
DO between 200 and 600 m. But during weakly upwelling years this leads to a lesser depression of slope

Figure 14. (a) Seasonal average near-bottom p, averaged alongslope and shelf isobaths. Plots (b–e) display the spiciness anomaly from this seasonal average for the four classes of
years.
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bottom water DO (consistent with Fig-
ure 12). Tabulating the average number
of days, in a given upwelling season, of
hypoxic conditions on the shelf (75 m
isobaths, averaged between 408N and
478N latitude) and slope (250 m iso-
baths) also illustrates this point (Table 2).
While the average number of days of
hypoxia (DO< 64 lmol kg21) on the
shelf is nearly identical for the Str/Str
and Str/Wk cases, the average number

of days of slope hypoxia is much greater in the Str/Str case. This may relate to the intensity of the prior
downwelling seasons as discussed below.

In three of the four classes (Str/Str, Wk/Str, Wk/Wk), anomalies that develop in the bottom water of the
shelf and upper slope in one upwelling season do not persist through the winter into the next spring.
Interestingly however, the intensity of winter downwelling can have an impact on the persistence of an
anomaly well into the upwelling season, or in the case of strong upwelling/weak undercurrent years,
through the winter months. The downwelling anomalies for prior and subsequent years presented in
Table 1 show that the years with strong upwelling and strong undercurrents were preceded by some of
the weakest downwelling winters while the years with strong upwelling and weak undercurrents were
preceded by some of the strongest downwelling winters. As a result the negative anomaly in bottom
shelf and upper slope DO in spring in the Str/Str case is notably larger than in the Str/Wk case. The aver-
age of the Wk/Wk years, which are preceded by stronger than average downwelling favorable winds
exhibit a positive DO anomaly on the shelf and upper slope throughout the upwelling season. The effect
of downwelling in the subsequent winters in each of the cases is also apparent, as the Str/Str and Wk/Str
cases exhibit positive DO anomalies into the following years, with stronger than average winter downwel-
ling. The Str/Wk and Wk/Wk years tend to produce negative anomalies into the following year with
weaker than average downwelling winds.

The seasonal cycle in shelf and slope near-bottom spice (Figure 14) indicates the effects of the summer
strengthening of the undercurrent, the transition to the Davidson current in fall/winter and the seasonal
heating and cooling cycles on the shelf. Maximum shelf and slope spiciness occurs in October with the spic-
iest water tending to lie above the 175 m isobaths. Spice drops to an annual minimum on the shelf in Feb-
ruary, due to both downwelling and cooling. On the slope the minimum occurs somewhat later in April–
May, perhaps due to off-shelf eddy transport (explored in next section).

Comparison of the four combinations of upwelling/undercurrent intensities demonstrates, as expected, that
slope water is more spicy in late summer, fall, and winter when the undercurrent is strong and less spicy
when the undercurrent is weak. Strong upwelling can lead to a moderate positive anomaly is slope spice
even when the undercurrent is weak by elevating near-bottom slope isopycnals. However, a significant por-
tion of the anomalies in spice are not directly related to the intensity of the upwelling and undercurrent as
the particulars of the winter forcing contribute significantly. The net winter surface heat flux (Table 1) can
vary greatly. The three winters following years with strong upwelling and strong undercurrents were forced
with particularly strong positive (into the ocean) anomalies in surface heat flux. The positive near-bottom
spice anomaly that results extends beneath the 700 m isobaths. The winters following Str/Wk, Wk/Str, and

Wk/Wk summer seasons all show negative
anomalies in surface heat flux and fresh
anomalies in spice on the shelf but with dif-
fering anomalies on the slope. The Wk/Str set
of years, that shows positive slope bottom-
water spice anomalies in the subsequent win-
ter, includes the 2 years in which the onset of
strong El Ni~no events occurred (1982, 1997).
Interestingly, these two years exhibited the
strongest undercurrents of the 26 year series.

Table 1. Average Winter Downwelling Anomalies and Winter Surface Heat
Flux Anomalies for Prior and Subsequent Years for Years in the Four Classes of
Upwelling and Undercurrent Intensitiesa

Str/Str Str/Wk Wk/Str Wk/Wk

Downwelling anomaly, prior winter 20.32 0.2 20.12 0.04
SHF anomaly, prior winter 263 2166 73 44
Downwelling anomaly, following winter 0.05 20.13 0.4 20.16
SHF anomaly, following winter 967 2136 2185 2177

aDownwelling anomaly is in N m22. Surface heat flux anomaly (SHF) is in
units of Watts m22.

Table 2. Anomaly in Number of Days of Latitudinally Averaged
(408N and 478N Latitude) Hypoxic Conditions (<64 lmol kg21) in the
Bottom Water of the Shelf (75 m Isobath) and Slope (250 m Isobath)
for the Four Classes of Upwelling/Undercurrent Intensitiesa

Str/Str Str/Wk Wk/Str Wk/Wk

Slope Bot. 96 26 22 248
Shelf Bot. Hyp. 31 33 213 228

aNegative anomalies mean that many days fewer than the average
number of days hypoxia during the upwelling season.
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6. Slope-Basin Exchange

Slope exchange with the north Pacific basin can occur as eddies associated with coastal jets or with the
undercurrent are shed into the interior. These eddies tend to be most abundant during the fall transition at
the end of the upwelling season. At this time, it is typical for rh

26.5 to be sloped upward while the
rh 5 27.0 kg m23 isopycnal is level or depressed in the simulation. The band of slope water in between the
two tends to be higher in P and lower in DO compared to the water offshore at the same latitude. By exam-
ining the average properties between these two levels and the vertical thickness of this layer (DHiso) we see
that, not surprisingly, the eddies often manifest as regions of positive anomaly in DHiso, positive anomalies
in P, and negative anomalies in DO. As an example, anomaly fields for October 1985 are presented in Fig-
ure 15 at the end of a season with strong upwelling but a relatively weak undercurrent.

Eddy abundance varies seasonally as does the concentration of P and DO advected with them. In order to
quantify these patterns, variances and correlations are calculated for spatially high-pass filtered
(�O[300 km]) model fields. The high-pass filtered field variances and correlations are averaged between
408N and 478N latitude and between 1298W and the 1500 m isobath. Fields are averaged over each month
for the full 26 year simulation and for each set of years of different upwelling and undercurrent intensities.
The variation in layer thickness west of the undercurrent is generally at a minimum in April of each year and
at a maximum around October (Figure 16a) when isopycnals that have upwelled over the summer tend to
relax. During the first half of the year, in the region immediately offshore of the slope, variance in P and DO
diminish as eddies from the previous fall and winter dissipate. While in the latter half of the year, they tend
to increase as the upwelling and undercurrent begin to shed eddies with anomalous water properties

Figure 15. (a) The anomaly in thickness of the layer delineated by the rh 5 26.5 and 27.0 kg m23 isopycnals. (b and c) The anomaly in layer-averaged spice and DO, respectively. Gray
contour lines indicate isobaths between 22000 m and 2500 m at a 500 m interval.
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westward (Figures 16b and 16c). As is the case in Figure 15, anomalously thick regions of this layer are cor-
related with anomalously spicy water and low DO throughout the entire year and vice versa for thin
regions.

Comparison of the seasonal cycles in these correlations for years in the four classes of upwelling and under-
current intensities suggests that years with strong upwelling and strong undercurrents have the largest
impact on variability offshore and this impact is particularly large in the late summer and early fall. Con-
versely, Wk/Wk years lead to the smallest fall increases in variability in the neighboring portion of the North
Pacific basin. Since the average correlation between DHiso and DO is negative one can conclude that on
average the offshore subthermocline environment exhibits the greatest negative DO anomalies in October
and the lowest DO years are ones in which both strong upwelling and a strong undercurrent develops.

7. Discussion

A 26 year biophysical simulation of the region of the North Pacific adjacent to the US west coast has been
analyzed to examine the characteristics of and variability in slope-water characteristics in the NCCS. The
model reproduces a northward flowing undercurrent that intensifies in late summer, merges with the north-
ward flowing, surface-intensified Davidson Current in winter, and diminishes in the spring of each year. The
large scale, south-to-north gradients of decreasing spice and increasing DO, result in the undercurrent
transports being characterized by anomalously high spice and low DO at a given latitude particularly in late
summer and early fall.

Slope water characteristics could be expected to remain relatively consistent from year-to-year if there are
compensatory processes that decrease spice and reoxygenate the slope water column. Downwelling and
deep vertical mixing in the winter is one such mechanism which reintroduces colder and fresher, oxygen-
rich waters to the upper slope. Transport of fresh, high-oxygen subarctic water southward in the upwelling

Figure 16. Spatially averaged anomaly field variances and covariances averaged by month, for the full 26 year simulation and separately for years in each of the four classes of upwelling
and undercurrent intensities. Fields are averaged between 408N and 478N latitude and between 1298W and the 1500 m isobaths. DHiso is the anomaly in thickness between the rh 5 26.5
and 27.0 kg m23 isopycnal. P0 and DO0 are anomalies from the layer average in P and DO, respectively.
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jet is another that acts counter to the influence of the undercurrent. Eddy-shedding by the undercurrent
that diminishes the northward transport can be a moderating process as well.

Nonetheless an analysis of the linear trends in spice and DO over the 26 years of the simulation (1980–
2006) suggests that slope water spice increased and DO decreased consistent with the findings of several
previous observational studies over this period. The model results exhibit a quantitatively consistent trend
in spice and DO in the Southern California Current System suggestive that both are dictated by increased
net advection of equatorial source waters (as suggested in the literature). But in the NCCS the trend in DO is
much stronger than in spice, implying that biological dynamics are also being altered over time. Recent
studies that extend to years prior to and after the period simulated here, suggest that what is interpreted as
a long-term trend in observations of DO in the CCS over these years, is more appropriately described as
decadal variability [Crawford and Pena, 2016; Pozo Buil and Di Lorenzo, 2017]. But no attempt is made here
to extrapolate beyond the simulated years.

While over longer time scales decadal scale variability may interfere with the detection of a linear long-term
trend, it is important to note that there is very significant year-to-year variability in slope water characteris-
tics as well. A sequence of years in which the winds are anomalously upwelling favorable and/or the under-
current is anomalously strong toward the end of a time series could mimic the effect of a linear trend. In
order to better understand the interplay between winds, undercurrent, shelf, and slope dynamics, a portion
of this study was devoted to examining the seasonal to interannual influences of undercurrent and upwell-
ing intensity.

Upwelling seasons with uncharacteristically strong upwelling favorable winds and undercurrent intensity,
not surprisingly, tend to exhibit the strongest anomalies in slope spice and DO. Strong upwelling acts to
raise isopycnals on the upper slope, reducing the DO and increasing the spiciness at a given depth. Concur-
rently a strong undercurrent acts to transport high spice, low DO water northward. Anomalies were not
nearly as strong in years with either one of these elements missing.

Anomalies in undercurrent DO were shown to propagate northward over the upwelling season. In both
years with intense upwelling and undercurrent or weak upwelling and undercurrent the deviation from
mean undercurrent DO that develop in the southern portion of the domain propagate northward (with
speeds between 0.04 and 0.09 m s21). Given the spring onset of the upwelling season in the southern Cali-
fornia Current system and the limited rate of northward transport, latitudes between approximately 398N
and 428N are likely the most vulnerable to hypoxic conditions in the slope water due to the combined effect
of undercurrent transport and local upwelling. North of these latitudes, undercurrent-transported low DO
water is not likely to arrive until the fall, when upwelling processes are waning.

Observational studies have noted anomalously low shelf bottom water DO on the Oregon coast both in
2002 and in 2006. Whereas in 2006 this is generally perceived to be associated with particularly strong
upwelling favorable winds, 2002 exhibited (and 2006 did not) an unusual intrusion of relatively fresh, high-
nutrient content, halocline, subarctic water from the north [Wheeler et al., 2003]. The model reproduces a
comparable level of shelf hypoxia in both years by September despite the UpI0 being significantly larger in
2006. Although it is difficult to determine if increased nutrient loading supplied to the shelf from the subarc-
tic water in 2002 contributed to the hypoxia, as the observations of the intrusion were made in July, and
the model shows the presence of fresh oxygen rich halocline water on the shelf in July, it is worth consider-
ing that there are multiple pathways to similarly anomalous conditions.

Whether or not the bottom water characteristics from one upwelling season carry over into the next spring
depends as much on the conditions in the intervening winter as on the intensity of the upwelling and
undercurrent during the upwelling. In some instances, where winter downwelling forcing was weak, slope
bottom water DO anomalies persisted through the winter and contributed to the characteristics of the
water upwelled in the spring. But in other cases, the shelf and slope anomalies that developed during the
upwelling season dissipated under strong winter forcing both on the shelf and on the slope. Anomalies in
spice, on the other hand, tended to intensify over the winter months of strong downwelling seasons as
more spicy upper undercurrent water advected north in merged downwelling jets and undercurrent flow.
Whereas changes in spice and DO tended to be negatively correlated on the slope in summer, in winter,
they tended to be positively correlated as the process that led to higher spice is associated with deeper
mixing of well oxygenated surface waters.
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Processes on the slope affect the intermediate water properties in the adjacent open ocean mostly through
eddy-mixing processes. Years with strong undercurrents tend to produce more offshore eddy activity in the
NCCS. In years with strong upwelling as well, these eddies tended to be characterized by anomalously high
spice and low DO. Although the average offshore conditions were not quantified in this study, it is clear
that the intensity of the processes on the slope and shelf will determine the degree of heterogeneity in the
open ocean intermediate water adjacent to the slope. Typically this heterogeneity peaks in October and
gradually diminishes over the winter and following spring.

This study focused on the general slope water characteristics in the NCCS with the primary goal of develop-
ing an understanding of the source water DO variability that might contribute to the development of shelf
bottom water hypoxic conditions during the upwelling season. While the moderate horizontal resolution
used here allowed for drawing broad conclusions about the seasonal patterns and alongshore-averaged
interchange between shelf and slope, in many years, regions of hypoxic conditions are likely to be more
spatially and temporally localized.

To further advance our understanding in this area, future studies will need to better resolve the biogeo-
chemical and bathymetric details of shelf and slope while maintaining a faithful representation of the
remotely forced variability in the California Undercurrent and California Current system in general. Extend-
ing simulations such as this one into more recent years that have been sampled more extensively will help
resolve questions of interannual and decadal variability versus trends.
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Erratum

In the originally published version of this article, Crawford, W. R. et al. (2016) was missing from the reference
list. This has since been corrected and this version may be considered the authoritative version of record.
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In the originally published version of this article, Figure 11 was incorrect. The correction to figure have since
been made to the online version only, which may be considered the authoritative version.
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